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Significance Statement (120 words max, currently 119) 41 
 42 
The world’s biodiversity is under unprecedented threat due to human activities, yet 43 
we have an incomplete understanding of ecosystem change in response to these 44 
pressures. Here we present data from a new five year study of a tropical freshwater 45 
ecosystem showing that change in the two dimensions of biodiversity - assemblage 46 
diversity (number and abundance of species), and assemblage composition - is 47 
decoupled, as well as being uncorrelated amongst taxa. Assemblage diversity is 48 
typically stable over time. However, in line with Darwin’s expectation that 49 
community composition is constantly changing, this stability can be accompanied by 50 
marked turnover in species identities. Our paper thus identifies an important question 51 
for future research:  at what point does compositional turnover threaten ecosystem 52 
resilience?    53 
 54 
Abstract 55 
 56 
The Earth’s ecosystems are under unprecedented pressure yet the nature of 57 
contemporary biodiversity change is not well understood. Growing evidence that 58 
community size is regulated highlights the need for improved understanding of 59 
community dynamics. As stability in community size could be underpinned by 60 
marked temporal turnover, a key question is the extent to which changes in both 61 
biodiversity dimensions (temporal  and temporal  diversity) covary within and 62 
amongst the assemblages that comprise natural communities. Here, we draw on a new 63 
multi-assemblage data set (encompassing vertebrates, invertebrates and unicellular 64 
plants) from a tropical freshwater ecosystem, and employ a cyclic shift randomization 65 
to assess whether any directional change in temporal  diversity and temporal  66 
diversity exceeds baseline levels. In the majority of cases  diversity remains stable 67 
over the 5 year time frame of our analysis, with little evidence for systematic change 68 
at the community level. In contrast, temporal  diversity changes are more prevalent, 69 
and the two diversity dimensions are de-coupled at both the within- and among-70 
assemblage level. Consequently, a pressing research challenge is to establish how 71 
turnover supports regulation, and when elevated temporal  diversity jeopardizes 72 
community integrity.73 
 74 
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\body 77 
 78 
Introduction 79 
 80 
Grave concern about the fate of the world’s biodiversity (1) highlights the need for a 81 
better understanding of biodiversity change. The wholesale transformation of 82 
ecosystems, for example from primary forest to pastureland, markedly reduces the 83 
types and numbers of species present (2-4).  However, some localities and 84 
assemblages gain species from migrations and introductions, while others support 85 
remarkably constant numbers of species. The overall effect is that we do not detect 86 
systematic biodiversity loss over the time period (typically years or decades) during 87 
which assemblages have been rigorously monitored (1, 5).  This raises questions 88 
about the nature of biodiversity change and the extent to which ecological 89 
communities are regulated (6). It also poses challenges for policy makers charged 90 
with quantifying variation in biodiversity over space and time, and protecting 91 
ecosystem integrity.   92 
 93 
Biodiversity change is made up of temporal  diversity – change in the numbers 94 
and/or relative abundances of species – and temporal  diversity - change in 95 
composition (7).  Temporal  diversity is often quantified using species richness (e.g. 96 
(6-8)) but can be assessed by a variety of metrics such as the Shannon and Simpson 97 
indices (5). Accelerating anthropogenic pressures on the natural world, including 98 
climate change (9), habitat transformations and species introductions (10), may lead 99 
to species loss (11) and hence be picked up by temporal  diversity metrics (1, 12). 100 
However, it is becoming clear that species loss (or gain) is not necessarily apparent in 101 
assessments of contemporary communities (5-8, 13). 102 
 103 
Temporal  diversity, the other dimension of biodiversity, tracks compositional 104 
change and is typically measured using Jaccard, Bray-Curtis and related 105 
(dis)similarity metrics (7, 14, 15). A recent analysis documented widespread 106 
compositional change, with contemporary rates of temporal turnover often exceeding 107 
the levels anticipated by two different null models, even though temporal  diversity 108 
metrics detected no systematic change (7). 109 
 110 
The contrasting conclusions emerging from the growing number of analyses of 111 
biodiversity change could, at least in part, be rooted in the different methods used to 112 
evaluate diversity. One possibility is that temporal  diversity metrics can identify 113 
community reorganization not well captured by species richness and other  diversity 114 
indices  (16-18). Another possibility is that change in temporal  and temporal  115 
diversity emerge on different time scales (19). A third option is that temporal 116 
stationarity in  diversity, together with substantial compositional change, is a general, 117 
but largely unrecognized, pattern in community ecology (13). These explanations are 118 
not mutually exclusive, and jointly lead to the prediction that there will be a stronger 119 
signal of temporal  diversity than temporal  diversity in contemporary communities. 120 
 121 
Biodiversity is usually assessed at the assemblage level (14). Assemblages are groups 122 
of taxonomically-related species that co-exist and are often sampled together (14, 20). 123 
A community, by contrast, is a broader concept encompassing the organisms that co-124 
occur but are not restricted by phylogeny or resource use (20). Single taxon (i.e. 125 
 4 
assemblage) assessments can provide only partial insight into overall community 126 
change as even well-studied groups, for example birds and vascular plants,  are not 127 
necessarily informative surrogates of biodiversity patterns in other taxa (3). The need 128 
to understand biodiversity change at this broader ‘community’ level is sharpened by 129 
the appreciation that ecosystem function is linked to taxonomic composition and 130 
species richness, and depends on the contributions of species in different trophic 131 
groups and taxonomic assemblages (21, 22). Protecting function thus means 132 
preserving diversity across a wide range of taxa (23). However, different taxa within, 133 
as well as amongst, assemblages may respond to different environmental drivers (e.g. 134 
24, 25-29) so there is no a priori reason why biodiversity change, as expressed by 135 
either temporal  or temporal  diversity should be correlated across taxonomic 136 
groups.  137 
 138 
Here we evaluate biodiversity change in the tropical freshwater community 139 
(vertebrates, invertebrates and unicellular plants) in Trinidad’s Northern Range. These 140 
river systems are exposed to a range of global (e.g. climate change) and local (e.g. 141 
recreational use) stressors, but have not been subjected to wholesale transformation in 142 
recent decades.  If community regulation is a general pattern (as predicted by (13)) we 143 
expect to see little systematic change in temporal  diversity in any assemblage, but 144 
marked shifts in temporal  diversity. We further expect these compositional shifts to 145 
be uncorrelated across assemblages. Ecological assemblages are not static entities, but 146 
instead experience continual flux in species composition and abundance (22).  147 
Quantifying biodiversity change thus means evaluating both temporal  diversity and 148 
temporal  diversity relative to a meaningful baseline. One way of doing this is to 149 
employ a cyclic shift randomization (30) that preserves within-species temporal 150 
autocorrelation and hence captures realistic population dynamics, but breaks species 151 
cross-correlation.  152 
 153 
 154 
Materials and Methods  155 
 156 
We quantify the temporal  diversity and temporal  diversity of each assemblage 157 
((1.) fish, (2.) benthic invertebrates and (3.) diatoms) at 16 river sites over 20 time-158 
points (four times per year: 2 x dry season, and 2 x wet season for 5 years). 159 
 160 
 161 
Sites 162 
Sites in Trinidad’s Northern Range (see SI) were sampled four times per year (twice 163 
in the wet season and twice in the dry season) for five years (2010-2015). On each 164 
sampling occasion the diversity of fish, benthic invertebrates and diatoms at a site was 165 
quantified. Sampling methodology was consistent throughout.  Eight of our sites were 166 
exposed to human pressure in the form of recreational use (31). These ‘recreationally 167 
disturbed’ (‘d’) sites were matched with ‘recreationally undisturbed’ (‘u’) sites in the 168 
same river system. Trinidad is a continental island that became separated from South 169 
America within the last 10,000 years (32). As result the diversity of its fauna and flora 170 
is reduced relative to the mainland but still greater, relative to its size, than in other 171 
Caribbean islands. The  diversity of fish in Trinidad’s Northern Range, for example, 172 
is in the region of 30 species (33). The emphasis in this paper on biodiversity change 173 
at the site level reflects the fact that the rivers have distinctive fish faunas.  As yet, the 174 
diversity and distribution of benthic invertebrates and diatoms in this region is poorly 175 
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understood. Nonetheless, these assemblages are included here as better representation 176 
of understudied groups in biodiversity assessments, and in the quantification of 177 
biodiversity change, is a priority (34).  178 
 179 
Sampling 180 
The same 50m stretches of stream were revisited each session. Fish were exhaustively 181 
sampled (35, 36) using a seine net followed by electrofishing (37). All individuals 182 
were identified to species and counted. Fish were returned unharmed to the capture 183 
site at the end of a session.  A surber sampler (36) was deployed to assess benthic 184 
invertebrates. Samples were returned to The University of the West Indies (UWI) and 185 
individuals identified to family - the best taxonomic resolution achievable for this 186 
system. Diatoms were sampled by collecting rocks from the stream bed. No 187 
taxonomic key is available for Trinidadian diatoms; specimens were therefore 188 
identified to morphospecies using a photographic catalogue (see SI). We dropped the 189 
first sample in each assemblage from the analysis as there were a few inconsistences 190 
in sampling effort during the first session. Since stream sections had comparable 191 
morphology, and sampling methods and effort were constant throughout the 192 
remaining n=19 sessions, we did not correct for detectability. (See SI Section B for 193 
methodological details and SI Section E for discussion of detectability issues).  194 
 195 
Analysis 196 
We conducted a comprehensive analysis of biodiversity change by first evaluating the 197 
temporal diversity trend of each assemblage at each site using a suite of metrics ( 198 
diversity: species richness; Chao1; PIE (probability of interspecific encounter); 199 
McNaughton Dominance; exponential Shannon;  diversity: Morisita-Horn 200 
dissimilarity; Bray-Curtis dissimilarity; Chao Jaccard dissimilarity; Jaccard turnover 201 
component; Jaccard nestedness (richness) component; Jaccard dissimilarity (7, 14, 38-202 
40)). The rationale for the choice of these measures is provided in SI Section D and SI 203 
Table 7; it also reflects Anderson et al’s (41) point about the advantages of taking a 204 
multi-faceted approach when evaluating  diversity. Metrics were computed in R (42) 205 
using vegan (43) and betapart (44). To ensure a fair comparison with the benthic 206 
invertebrate and diatom assemblages we repeated the analyses of the fish assemblage 207 
at two taxonomic levels (species and family).  208 
 209 
Next, to measure the strength of directional change in diversity, we fitted a linear 210 
model (ordinary least squares (OLS)) of each metric against time, within each 211 
assemblage (fish; invertebrates; diatoms), and calculated the slope of the trend - as in 212 
(7). In the case of  diversity metrics we adopted current accepted practice in the field 213 
in setting the initial dissimilarity at time 1 to zero, plotted shifts in the composition of 214 
the assemblage at each successive time point relative to composition at time 1, and 215 
fitted a linear model to these data. (See SI Figures 5 and 6).  We then computed the 216 
pairwise correlation of slopes (Spearman index, n=16 sites) to examine the 217 
relationship between the metrics, and visualized the results using the corrplot R 218 
package  (45).  219 
 220 
To test whether biodiversity change exceeded baseline expectations we focused on 221 
two representative metrics, as informed by our correlation analysis - PIE ( diversity) 222 
and Jaccard dissimilarity ( diversity). We also chose PIE because it is a robust and 223 
informative  diversity measure (38); like the Jaccard index it is widely used and 224 
well-understood. However, we recognise that all measures have limitations and that 225 
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other metrics may uncover different patterns (15, 39, 41, 46). We compared the 226 
observed slope of biodiversity change at each site (for each assemblage) against 227 
slopes (1000 draws), computed using a cyclic shift permutation (cyclic_shift function 228 
in the R package codyn (30)). A cyclic shift permutation randomly selects the start 229 
time for each taxon in an assemblage. As such, species abundances vary 230 
independently but within-species temporal autocorrelation is preserved. This helps 231 
prevent bias that could occur with a free permutation in the presence of the moderate 232 
or strong autocorrelation associated with density dependence and seasonality (47).   In 233 
each case we asked whether the observed biodiversity change exceeded the 234 
expectation of a 2 tailed test. We also computed Z scores and the actual quantile of 235 
the observed slope, relative to the null distribution.  236 
 237 
 238 
Results 239 
 240 
Over 670,000 individual organisms were recorded and identified in our investigation 241 
(see SI Tables 3-6, and SI Figures 2 and 3, for details). As Figure 1 shows, the metrics 242 
of biodiversity change fell into two clusters representing trends in temporal  and 243 
temporal  diversity. As such they revealed that temporal  and temporal  diversity 244 
metrics elucidate complementary aspects of biodiversity change. This disassociation 245 
of the two dimensions of biodiversity change was repeated across assemblages and 246 
was apparent at both taxonomic resolutions of the fish assemblage. Some of the 247 
measures used to describe temporal diversity, for instance slopes of PIE and 248 
McNaughton Dominance, were strongly anti-correlated. This is because these metrics 249 
track opposing aspects of assemblage structure, namely evenness and dominance (e.g. 250 
(14, 39)). We note, however, that S and Chao 1 were strongly correlated in all cases, 251 
showing that observed S and estimated S gave comparable evaluations of biodiversity 252 
change. Similarly, there was generally good agreement in the patterns uncovered by 253 
Chao Jaccard and classic Jaccard dissimilarity, suggesting that unseen species were 254 
not biasing estimates of temporal  diversity. However,  diversity partitioning 255 
revealed a predominant contribution of turnover to compositional change in the fish 256 
assemblage and nestedness (richness) in the invertebrate and diatom assemblages.  257 
 258 
The analysis presented in Figure 1 shows that the  and  diversity metrics (PIE and 259 
Jaccard dissimilarity) we use to quantify biodiversity change are representative of 260 
their class and, with some exceptions, behave consistently across assemblages. Our 261 
analysis also provides reassurance that taxonomic resolution (species versus families 262 
in fish) does not obscure general patterns. But it does not tell us when and where 263 
change exceeds the expected baseline. Our null model uncovered evidence for both 264 
increases and decreases in temporal  diversity (Figures 2 & 3), suggesting that these 265 
changes are approximately balanced as anticipated by (7, 13). For example, fish  266 
diversity declined substantially at Acono U while benthic invertebrate diversity 267 
increased at Maracas D. Change exceeding the baseline expectation for temporal  268 
diversity was more prevalent than change in temporal  diversity (Figures 2 & 3), and 269 
predominantly in the direction of increased dissimilarity over time (Figure 3). Within 270 
sites, biodiversity change was disassociated across the two components of diversity 271 
and amongst assemblages (Figure 3).  272 
 273 
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The results produced by the two methods of handling dissimilarity trends were almost 274 
identical with baseline changes in dissimilarity (as measured using the criterion in 275 
Figure 2 i.e. Z>2) as follows: fish species: 2 sites in each case; invertebrates: 2 sites in 276 
each case; diatoms: 4 sites (constrained) v. 5 sites (not constrained). For diatoms there 277 
were also a few instances where dissimilarity was reduced relative to expectation (Z<-278 
2): 1 site (constrained) v. 2 sites (not constrained).  279 
 280 
Seven localities (three with, and four without, recreational disturbance: Figure 3) 281 
exhibited no biodiversity change in any assemblage or in either diversity dimension 282 
relative to the baseline criterion. (See SI Figure 7 for further examination of the 283 
relationship between disturbance and biodiversity change). 284 
 285 
 286 
Discussion 287 
 288 
These results provide support for the argument (13) that community regulation – 289 
resilience in temporal  diversity – is a general feature of ecological systems. As such, 290 
it points to a set of processes that contribute to the stability of ecological communities 291 
(48). We detected little directional change, relative to the null expectation, in  292 
diversity, at any site or assemblage. In contrast, we found more evidence of 293 
directional change in  diversity in all assemblages but few correlated compositional 294 
shifts within sites.  295 
 296 
The observation that resilience in  diversity can occur despite substantial temporal  297 
diversity raises questions about the role of turnover in community processes. Darwin 298 
took the view that temporal turnover is a mechanism linked to the persistence of 299 
community properties, particularly its overall size. In The Origin of Species (22 p69) 300 
he states 301 
 302 
‘….we forget that each species, even where it most abounds, is constantly suffering 303 
enormous destruction at some period of its life, from enemies or from competitors for 304 
the same place and food; and if these enemies or competitors be in the least degree 305 
favoured by any slight change of climate, they will increase in numbers; and as each 306 
area is already fully stocked with inhabitants, the other species must decrease.’ 307 
 308 
The non-correlated assemblage pattern of temporal  diversity we observed in 309 
Trinidad’s Northern Range supports this perspective. Taxa may wax and wane in 310 
abundance as a result of temporal variation in different sets of biotic and abiotic 311 
factors, but the assemblages to which they belong tend not to show a directional trend 312 
in  diversity.  Compositional changes can be decoupled across assemblages because 313 
of varying taxonomic responses to environmental change. Diatoms, for instance, are 314 
responsive to variation in temperature and pH, macroinvertebrates to small-scale 315 
spatial modifications and tropical freshwater fish to a range of variables including 316 
changes to river channel morphology (49-51). (See (29) for a modelling framework 317 
linking diversity responses to environmental variables). Assemblage differences are 318 
also reflected in a trend towards spatial biotic homogenization (52, 53) in fish and 319 
invertebrates and a trend towards spatial biotic heterogenization (52) in diatoms (SI 320 
Figure 12). Whether this homogenization/ heterogenization dichotomy is linked to 321 
dichotomy in turnover/nestedness reported above remains to be tested. Responses at 322 
more fine-scaled levels of organization may further  contribute the compositional 323 
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shifts. Recent theory (54) suggests that higher-order interactions amongst species can 324 
support coexistence while modularity, with different subsets of taxa responding to 325 
different drivers, has the potential to promote stability (55, 56).    326 
 327 
Notwithstanding the above, the non-correlated pattern of assemblage turnover 328 
observed here sheds little light on whether community resilience (as shown by non-329 
trending  diversity) occurs because of temporal diversity, or despite it. As noted by 330 
Darwin (and inherent in MacArthur-Wilson (57) and similar ecological theory) some 331 
degree of turnover is essential to promote community persistence.  However, we also 332 
know that contemporary rates of temporal turnover exceed the theoretical 333 
expectations of existing ecological models (7, 13). It is likely that anthropogenic 334 
impacts, including climate change and translocations of exotic species are 335 
contributing to the temporal turnover we observe in this and other studies. Moreover, 336 
while the functional consequences of biodiversity change within the ecosystem as a 337 
whole remain unclear, research suggests that ecosystem function will be prejudiced if 338 
diversity is reduced in any taxonomic or functional groups (21). A pressing research 339 
question then, is at what point does elevated temporal  diversity jeopardize 340 
community integrity? 341 
 342 
Our study provides strong support for the quantification of temporal  diversity 343 
alongside temporal  diversity in assessments of biological diversity (16-18). 344 
Although  diversity, particularly species richness, is an intuitive and widely used 345 
metric (5) the use of complementary measures will deepen understanding of 346 
biodiversity change (19, 41, 58). A particular challenge will be identifying when (and 347 
why) temporal  diversity provides an early-warning signal of change.  The next 348 
generation of pattern- and process-based models will be crucial in meeting this goal 349 
(19). 350 
 351 
Monitoring schemes are not evenly distributed across the Earth’s surface (28) and 352 
data gaps from tropical ecosystems and the freshwater realm mean that these systems 353 
are under-represented in appraisals of biodiversity change (7, 8). Compositional shifts 354 
are particularly difficult to generalize as rates of temporal turnover can vary across 355 
localities and groups (34, 59, 60), yet it is becoming clear that evaluating temporal  356 
diversity is essential, not just to safeguard the world’s ecosystems, but also to answer 357 
fundamental questions about the resilience of ecological communities and the 358 
maintenance of biodiversity.  359 
 360 
 361 
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Figure Legends 531 
 532 
Figure 1 533 
Correlations between metrics. These plots show the pairwise correlations (Spearman) 534 
of biodiversity change (linear regression slope, n=16 sites) for a range of and  535 
diversity metrics for each assemblage: (a) fish species; (b) fish families; (c) 536 
invertebrates; and, (d) diatoms. Strength and direction of the correlations are denoted 537 
by bubble size and color (as per scale bar). The scale bar extends from perfect 538 
correlation (dark blue, rs =1) to perfect anti-correlation (dark red, rs=-1). Larger 539 
bubbles also denote a stronger correlation. (Metric abbreviations: S=species richness; 540 
Chao1= estimated S; PIE=probability of interspecific encounter;  Dom=McNaughton 541 
Dominance;  expH=exponential Shannon; MH=Morisita-Horn; BC= Bray-Curtis; 542 
ChaoJ = Chao Jaccard dissimilarity; Jturn = Jaccard turnover; Jnest = component of 543 
Jaccard dissimilarity due to richness change; Jtot = total Jaccard dissimilarity. See SI 544 
Table 7 for description of metrics).  545 
 546 
Figure 2 Concordance of change in temporal  and temporal  diversity, relative to 547 
baseline expectations, as informed by the cyclic shift randomization, in the 548 
assemblages comprising the Trinidadian freshwater communities. The number of sites 549 
exhibiting change (using the criterion of -2≥Z≥2) is indicated in each cell, with cells 550 
shaded white indicating no change in either diversity dimension. For example, in a. 551 
(fish species) there is 1 site where change in excess of the baseline is detected for both 552 
 and  diversity (**), one with a change in diversity only,  one with a change in 553 
 diversity only, and 13 sites exhibiting no change.  554 
 555 
Figure 3 556 
Assemblage and geographic differences in temporal change.  557 
Each block of three cells reveals the presence of directional change (relative to the 558 
expected baseline set by the null model) at a given site for fish (species), invertebrates 559 
and diatoms respectively. In each case the top row of cells denotes temporal  560 
diversity, and the bottom row temporal  diversity. Cells where diversity has changed 561 
in ways that are generally considered unfavourable are shaded red with darker shading 562 
indicating a more marked change (Z scores are indicated on the scale bar: ≤-3, ≤-2, ≤-563 
1 for  diversity and ≥3, ≥ 2, ≥1 for  diversity). These are sites and/or assemblages 564 
in which  diversity has declined  or where compositional dissimilarity has increased. 565 
Grey cells are those where there is no detectable change in diversity. The blue cells 566 
indicate an increase in  diversity or cases where compositional dissimilarity has 567 
changed less that would be expected by chance. The locations of the 16 sites across 568 
Trinidad’s Northern Range are identified by black circles, abbreviations as follows: 569 
AD: Acono d; AU: Acono u; CD: Caura d; CU: Caura u; LD: Lopinot d; LU: Lopinot 570 
u; LAD: Lower Aripo d; LAU: Lower Aripo u; MD: Maracas d; MU: Maracas u; QD: 571 
Quare d; QU: Quare u; TD: Turure d; TU: Turure u; UAD: Upper Aripo d; UAU: 572 
Upper Aripo u. Arrows indicate the cells associated with a site.  573 
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